Resumo
Introduction
Co-based alloys have been used as wear-resistant bulk and hardfacing materials in many applications as bearings, bushings and roll scrapers, valves, valve seats and dies. Considering the good wear and corrosion resistance, the alloys are also used in chemical, nuclear and petrochemical industry. The wear resistance is mainly dictated by solid solution and carbides strengthening [1] [2] [3] .
Nuclear power plants may present high risk of operation when Cobalt formed in wear debris of valve seats can be converted into radioactive 60 Co, increasing the operation costs. Hot dip galvanizing lines have been experienced short life of bearings as a consequence of complex degradation mechanisms, which involves wear under hard dross intermetallic particles, temperature up to 600 ºC and molten metal corrosion, demanding optimized materials [2 -6] .
Plasma transferred arc weld surfacing has been used to protect components by deposition of hardfacing alloys, with several advantages on conventional casting mainly because of microstructure control. In one hand, high wear resistant plasma transferred arc overlays can be produced but requires high hardness alloys such as from CoCrMoSi system reinforced by Laves intermetallic phase, requesting special deposition procedures because of its brittleness. In other hand, there is a possibility to produce good weldability lower hardness hardfacing alloys, and search for a specific processing condition. In this group, CoCrWC alloy commercially known as Stellite #6, which is reinforced by carbides, presents lower hardness and better weldability [6, 7] .
This approach purposes an alternative to the limitation concerning the relationship between weldability performance of hardfacing alloys and evaluated an easier weldability CoCrWC alloy as coatings by plasma transferred arc (PTA) aiming to understand the effect of processing on the coatings features. Based on experimental results, the effect of deposition current on the microstructure and properties of such wear resistant alloy is assessed.
Materials and Methods
Atomized CoCrWC alloy with particle size range between 90 and 150 μm was deposited on AISI 316L stainless steel plates 100 x 100 x 12,5 mm, without substrate pre-heating or torch oscillation, Table 1 . Production of coatings involved deposition current changing as shown on Table 2 . 
PTA Parameters Conditions
Shielding gas (l/min) 2 Visual analysis was performed for coatings integrity and track geometry determined according Figure 1 . Dilution was measured by area ratio between melted substrate and coating total area on transverse cross section for single tracks. Dendrite arm spacing (DAS) and volume fraction of carbides were determined as an average of five measurements on coatings cross sections for each deposition condition through Olympus Soft Imaging Solutions ® software, Figure 2 . Samples were prepared by standard metallographic procedures and microstructure analysis performed on the middle of the cross section of coatings. Microstructure was assessed by Laser confocal and scanning electron microscopy. Phase evaluation by X-ray diffraction analysis using K a Cu from 20 to 120º for 1 s for each exposure channel was done. Vickers hardness cross section profiles were carried out from the top to the substrate on coatings and results are presented as an average of three measurements. Pin-on-disc abrasive sliding wear test was done to determine the effect of deposition current on performance of coatings by the wear mass loss rate. Square pins of 4 x 4 mm were machined out from coatings and worn out against Al 2 O 3 paper #220 with 0,5 kgf load and 1,5 m/s tangential speed. Pins were weighted before test and after each 125 m sliding distance at room temperature.
Results and Discussion

Coatings Integrity, Dilution and Track Geometry
Visual inspection revealed sound coatings with no cracks or porosity. Coatings dilution from 11,8 to 55,6 % was obtained and just deposition with 100 A current fitted within the expected 5 to 15 % range mentioned for PTA coatings, Table 3 [8, 9] .
Geometry of single tracks indicated the wettability angle varied between 52,1 and 27,0 0 , decreasing as the current increased. Higher deposition current induced higher width (ranging: 9,5 -15,3 mm) and lower reinforcement thickness (ranging: 2,6 -3,7 mm), Table 3 .
Processing Effect on Microstructure
The consequences of PTA hardfacing with different deposition current were assessed by the microstructure Figure 3 . Higher DAS was measured as the heat input on welding increased (higher deposition current), following previous results for nickel-based PTA coatings, Figure 4 Phase quantifying confirmed that the increase on deposition current induces significant reduction on the volume fraction of hard phases, as a consequence of higher dilution (or higher iron content), Figure 11 and Figure 12 . It leaded to lower Chromium, Tungsten and Carbon content on chemical composition of alloy coatings, and induced carbides fraction decrease. The total carbides fraction decreased 84 % when increasing the deposition current from 100 to 200 A, but the most significant reduction was obtained for the current range from 100 to 150 A, which induced 63 % reduction on Chromium and 56 % on Tungsten carbides. The amount of carbides participating of the microstructure is in agreement to the reported by literature for the lower dilution obtained [12] . 
Coatings Hardness and Wear Behavior
Further assessment of the effect of deposition current on coatings features was analyzed thru the hardness and wear behavior. Aiming to identify the influence of PTA deposition on the response of each coating to abrasive sliding wear, coatings were evaluated with a constant set of testing parameters.
Coatings showed hardness dependence to the deposition current, associated to the heat input on welding. It induced microstructure coarsening (higher DAS) and dilution increase. The dilution influenced the hardness by reduction on Cobalt solid solution alloying and volume fraction of hard phases (carbides).
Measured hardness of deposition with 100 and 200 A current were 500 HV and 310 HV respectively, representing a reduction of 38 %, according literature predictions, concerning the influence of dilution on properties, Figure 13 [10, 13] . Despite the large variation observed as deposition current was altered, coatings presented uniform hardness throughout each coating. The microstructure and hardness changing obtained as a consequence of processing with higher current, induced increase on mass loss rate, Figure 14 . Linear correlation between sliding distance and mass loss and a near constant wear rate were measured with increasing sliding distance, in agreement to previous results [6] .
The chemical composition of the CoCrWC alloy developed on coatings influenced the mass loss rate. Deposits processed with 100 A deposition current showed the lower wear rate (0,2492 mg/m). As dilution increased, the mass loss coefficient increased up to 0,3598 mg/m for 200 A reaching 44,38% increment, Figure 15 . Better behavior can be related to the higher hardness dictated by the volume fraction of the hard interdendrictic eutectic and blocky carbides, solid solution alloying and refinement degree [10] .
As the Co-based alloy experienced Iron content increase, the solidification formed large areas of Cobalt solid solution dendrites (the lower hardness phase of alloy coatings) which leaded to poor wear performance. At the same time, the low carbon content of the AISI 316L steel substrate induced reduction of volume fraction of hard phase, producing deleterious effect on wear behavior. Larger difference on wear performance was observed changing deposition current from 100 to 150 A. The amount of hard lamellar eutectic and white blocky carbides reached 63 % and 56 % reduction, respectively. 
Final Remarks
This study analyzed the effect of PTA deposition current on CoCrWC alloy coatings features and included the analysis of soundness and track geometry correlating microstructure to properties and performance. The main contributions can be summarized as follows: -Sound coatings were obtained for all conditions and, increasing the deposition current, better weldability of the CoCrWC alloy on AISI 316L was obtained.
-The analysis of deposition current of CoCrWC alloy hardfacing showed important effect on refinement degree, solid solution alloying and volume fraction of hard phases. So, the heat input altered the cooling rate on solidification changing the DAS and, the dilution, the amount of main alloying elements.
-Dilution increased with deposition current and, as a consequence, the higher Iron content leaded to higher volume of Cobalt solid solution areas, reducing the volume of hard phases. So, hardness depended on microstructure refinement and amount of alloying elements, the latter dictating the solid solution and second phase hardening effects.
-Wear behavior of coatings was dictated by ratio between Cobalt solid solution and carbides fraction, which was significantly increased with the deposition current. Once Cobalt solid solution is worn out preferentially, important increase on wear mass loss rate was observed for coatings deposited with higher deposition current.
-Higher deposition current induced hardness and wear performance decrease for single track deposits. Production of coated areas must consider the effect of track overlapping on dilution, requesting further evaluation.
